Abstract: Limited availability of phosphate ion (Pi) reduces plant growth in natural ecosystems. Here, we report the functional effects of overexpressing an Arabidopsis thaliana purple acid phosphatase encoding gene, AtPAP18, in Nicotiana tabbacum as a crop model plant. Transgenic tobacco plants exhibited significant increases in acid phosphatase activity, total P and Pi contents leading to improved biomass production in both Pi-deficient and Pi-sufficient conditions. Transient expression of AtPAP18::green fluorescent fusion protein in onion epidermal cells indicated that AtPAP18 is a dual-targeted protein, which is detected mainly in the apoplast of the cells after 24 h and in the vacuole after 72 h. Possibly, AtPAP18 protein confers efficient retrieval of Pi from bonded extracellular compounds as well as expendable intracellular Pi-monoesters and anhydrides. These data clearly indicate that overexpression of AtPAP18 gene offers an effective approach for reducing the consumption of chemical Pi fertilizer through increased acquisition of soil Pi and mobilization of internal resources.
Introduction
Phosphorus is the most vital element for all living organisms playing essential roles in the structure of nucleic acids, phospholipids and phosphosugars, in almost all metabolic reactions including photosynthesis and respiration, in energy delivering molecules such as ATP, ADP or NADPH and in transduction of signals. As a result, it is one of the most needed nutrients for plant growth and development (Lambers et al. 2006; Kavanova et al. 2006; Guo et al. 2009; Tran et al. 2010) .
Plants absorb P in the form of H 2 PO − 4 or HPO
2− 4
ions (Pi) preferably. Although the amounts of P in the soil is as high as 500-1000 mg/kg (Rodriguez & Fraga 1999) , the concentration of available Pi in many soil solution averages at about 1 µM, which is far below the required cellular Pi concentrations (5-20 mM) to keep biochemical reactions running (for a review, see Shen et al. 2011) . Pi compounds in soil could be divided in two major forms: (i) mineral ones bounded with calcium, aluminum or iron ions; and (ii) organic ones mainly as phytate (Richardson 2009 ). Plant genomes encode a large set of intracellular and secreted acid phosphatase (APase) enzymes that hydrolyze Pi from a broad range of Pi monoesters and diesters (for reviews, see Cox et al. 2007; Plaxton & Tran 2011) . Plant APases are classified in five distinct families (Feizi & Malboobi unpublished data) , out of which purple acid phosphatases (PAPs) form the largest clade. For example, Arabidopsis, rice and soybean genomes encompass 29, 26 and 35 PAP family members, respectively (Li et al. 2002 (Li et al. , 2012 Zhang et al. 2011) .
Molecular cloning and transgenic expression of APase-encoding genes offer an effective approach to reduce the consumption of chemical Pi fertilizer, maximizing the exploitation of biological potential for efficient mobilization and acquisition of soil Pi or even added fertilizers in the forms of chemical compounds, manure or plant residual. For instance, the overexpressions of two plant PAP-encoding genes, AtPAP15 ) and MtPAP1 (Xiao et al. 2006) , with phytase activity and a fungal phytase gene, phyA (Richardson et al. 2001; Liu et al. 2011) , have been shown to have increased P acquisition and improved crop yield on soils with low Pi. Here, we have reported the overexpression AtPAP18 in Nicotiana tabbacum as a crop model plant that led to remarkable increases in APase activity, total P and free Pi contents and biomass production.
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Material and methods
Plant materials and growth conditions Arabidopsis thaliana ecotype Col-0 plants were grown hydroponically following the procedures described previously (Malboobi et al. 1997) . Nicotiana tabbacum cultivar Xanthi was used as the recipient of the transgene. Tobacco seeds were washed in 70% (v/v) ethanol-water, rinsed in distilled water and treated with 10% hydrogen peroxide. Surface sterilized seeds were rinsed in sterilized water for six times prior to be placed on solid Murashige and Skoog (MS) medium (Murashige & Skoog 1962 ) containing 1.2 mM KH2PO4 and supplemented with 1% sucrose and 0.8% agar. Seeds were incubated in dark at 4
• C for 2 days for uniform germination. For measurements of fresh and dry weight, APase activities, free Pi and total Pi content, 20 days after germination, seedlings were transplanted into MS medium with 0, 0.2, or 5 mM KH2PO4 or containing 2 mM Na-phytate as the sole phosphorous source and grown under 16 h light and 8 h dark at 24
• C for 14 days.
PCR amplification and gene cloning
Twenty-eight-day-old A. thaliana plant roots were used for RNA extraction and cDNA synthesis as described previously (Lohrasebi et al. 2007 ). The full-length cDNA of At-PAP18 (locus No. At3g20500; Map Viewer at http://www. ncbi.nlm.nih.gov/projects/mapview/) coding sequences was polymerase chain reaction (PCR) amplified from the cDNA pool of Arabidopsis using gene-specific primers (PAP18F2: 5'-GAAAGGATCCGCTCGCAGAGATG-3', PAP18R: 5'-CTCACTTTATGGGAGCTCATATAATTAAGGTT-3' that introduced BamHI site at 5' and SacI site at 3' ends of the amplified fragment (underlined residues). The PCR products were cloned into pTZ57R/T vector (Fermentas, Lithuania). After confirming the sequence accuracy, the insert was subcloned downstream of the cauliflower mosaic virus (CaMV) 35S promoter in a plant expression vector, pARM1, (Zamani et al. 2010) to yield a construct named pARM1/18 which was, then, introduced into Agrobacterium tumefaciens strain GV3101 by freeze and thaw method (Holsters et al. 1978) .
Genetic transformation of tobacco A. tumefaciens was used for tobacco leaf disk transformation according to Hirschi (1999) . Transformed shoots were selected on MS (Murashig & Skoog 1962) medium containing 100 mg/L kanamycin and transferred onto fresh medium every week. The occurrence of transformation was further verified by PCR using gene-specific primers as above. After sufficient rooting, seedlings were transferred to pots containing peat:perlite:vermiculite at the ratio of 1:1:1 (v/v/v) and allowed to produce self-fertilized seeds. Mature seeds were collected and resistance of T1 progeny to kanamycin was tested as described above.
cDNA synthesis and semi-quantitative RT-PCR Total RNA was extracted from 21-days old tobacco seedlings grown on MS medium using RNX kit (Cinagen, Tehran, I.R. Iran) according to the manufacturer's instructions. To eliminate genomic DNA contamination, the RNA samples were further treated with the RNase A-free DNase (Roche Applied Sciences, Germany). For cDNA synthesis, 20 µg RNA extract was mixed with 1 µL of 100 µM oligo-dT (12) (13) (14) (15) (16) (17) (18) (19) (20) primer, 1 µL of 10 mM dNTP mix, and sterile water upto a volume of 10 µL. The mixture was heated at 70
• C for 20 min and cooled on ice. To this, 10 µL of reaction mix containing 2 µL RT buffer, 0.1 M dithiothreitol, 50 mM MgCl2, 40 units of RNase inhibitor (Roche, Applied Sciences, Germany) and 50 units of Superscript II reverse transcriptase (Fermentas, Lithuania) was added and incubated at 42
• C for 1.5 h. PCR reactions were conducted as above for 28 cycles at annealing temperature of 65
• C with 0.5-1 µL cDNA products using gene-specific primers (Uni18F: 5'-GAAGAATCCTCGAGTAAAGCTCGCAGAGATGGAA A-3' and Uni18R: 5'-GCTAAGCTTGAATTCCCCCAAAC GTGTCCCACTTA-3'). The amplified transcripts of α-tubulin with the specific primers (forward primer: 5'-GCTTTCAACAACTTCTTCAG-3' and reverse primer: 5'-CATCGTACCACCTTCAGACAC-3') was used as internal control. To quantify the expression levels, the intensity values of the amplified AtPAP18 gene were divided by those of α-tubulin gene in two replicates.
Subcellular localization of AtPAP18-GFP fusion protein
To make the AtPAP18::green fluorescent protein (GFP) fusion constructs, the open reading frame of AtPAP18 was PCR amplified with forward primer PAP18F2 and reverse primer PAP18SPR 5'-TGGGAGCTCATAGGATCCAGGT TCCAAG-3') that introduced BamHI sites at both 5' and 3' ends of the gene (underlined residues). The PCR products were cloned into pTZ57R/T vector to generate pTZ-PAP18SP prior to subcloning into pBIGFP at the BamHI sites (Mousavi et al. 1999) . The correctness of the cloning experiments was verified by restriction enzyme digestion analysis and DNA sequencing.
The AtPAP18::GFP fusion gene construct under the control of CaMV-35S promoter and also the intact GFP gene were transferred into onion (Allium cepa L.) epidermal cells by particle bombardment using a Biolistic PDS/1000 Helium System (Bio-Rad, USA). Bombardment parameters were as follows: 1100 psi bombardment pressure, 1.0 µm gold particles and a target distance of 9 cm. Transiently transformed epidermal cells were observed after 24 and 72 h by a confocal scanning microscopy system (TCS SP2; Leica).
Measurement of APase activities
Treated wild-type or transgenic T1 seedling samples were ground to fine powder in liquid nitrogen and homogenized in extraction buffer (10 mM sodium acetate, pH 5.6). The homogenates were centrifuged twice at 12,000×g for 30 min and the supernatants were used for enzyme assays. All extraction steps were carried out on ice. Enzymatic activities were assayed at 37
• C for 30 min in 100 mM sodium acetate buffer (pH 5.6) containing 5 mM of p-nitrophenyl phosphate (pNPP). To calculate activities, a standard curve was constructed for each set of assays using known concentrations of PO 3− 4 . Each unit of activity was defined as 1 µmol of released Pi per min. Total protein concentration was determined according to Bradford (1976) using bovine serum albumin as a standard. APase activity was expressed as units per mg of soluble proteins.
Soluble Pi and total P assays Pi released by APase activity and total P were measured by a modified Ames (1966) assay as described below. For determination of Pi level, about 50 mg fresh tissue samples were ground in liquid nitrogen and centrifuged at 12,000×g for 30 min. Fifty µL of the supernatant was diluted with 250 µL water and 700 µL of assay reagent (1 volume of 10% ascorbic acid and 6 volume of 0.42% ammonium molybdate in 1 N H2SO4) and incubated at 45
• C for 20 min. Soluble Pi content was measured at A820 and expressed as micromoles of soluble Pi/mg fresh weight using a standard calibration curve.
To measure total P contents, 10% nitrate magnesium in 95% ethanol was added to about 50 mg fresh tissue samples to final volume of 1.5 mL in a Pyrex tube. The biomaterial was dried and burned to ash by shaking the tube over a strong flame until the brown fumes disappear and then allowed tube to cool down before adding 500 µL of concentrated perchloric acid. The capped tube was heated in a boiling water bath for 60 min to hydrolyze any pyrophosphate formed in the ash and the final volume was brought to 5 mL by water. Three hundred µL of this sample was assayed as above.
Measurement of dry and fresh weight
Root and shoot of transgenic and wild-type plants grown in MS medium with none or 5 mM Pi for 35 days were harvested and assayed separately. Eight plants per line were detached and dried at 70
• C for 72 h to measure dry weights.
Statistical analysis
Segregation ratios for non-transgenic plant progenies were examined by Chi-square test at P < 0.05 using SPSS software v.16 (Statistical Package for the Social Science). Data collected for assays and measurements were statistically analyzed as factorial experiments in a completely randomized design with at least three replications. Walter-Dunkan K ratio or t-test were used to determine significance difference between means at P<0.05 using SPSS software v.16 (Statistical Package for the Social Science).
Results

Generation of AtPAP18 transgenic tobacco lines
Full length 1352-bp cDNA sequence of AtPAP18 encoding a low-molecular weight PAP from A. thaliana was isolated via a reverse transcription PCR (RT-PCR) cloning strategy. AtPAP18 cDNA encodes a protein of 49.9 kDa with 437 amino acid residues that exhibits high sequence identity with several other plant PAPs (data not shown), carrying all seven known motifs (Schenk et al. 1999; Li et al. 2002) .
The cDNA sequence was integrated downstream of CaMV-35S promoter and introduced into tobacco plants using A. tumefaciens-mediated transformation method. Over 50 kanamycin-resistant plants were regenerated and transferred into soil for which the presence of the AtPAP18 gene was determined by PCR analysis. The transgenic plants were allowed to selffertilize and produce T 1 seeds. Several transgenic lines showing segregation ratios close to 3:1 for kanamycin resistance:sensitiveness traits in T 1 progenies were selected as single-locus insertion lines for further studies.
Heterologous expression of AtPAP18 gene in tobacco
Crude leaf proteins extracted from transgenic seedlings were assayed in the presence of pNPP substrate to select for those with higher APase activities (data not shown). Two lines, T-23 and T-38, with the highest phosphatase activity were selected out of twelve single-locus transgenic plants for the subsequent comparative experiments. Semi-quantitative RT-PCR on cDNA derived from these lines with the use of gene-specific primers revealed high expression levels of AtPAP18 transgenes as well (Fig. 1) . It is noteworthy that specific primers . α-Tubulin transcripts levels were used as internal controls (bottom panel). Total RNA samples were extracted from 21-day-old seedlings grown on MS medium and used for generating cDNA molecules. Twenty-eight PCR cycles were for all reactions as described in Materials and methods.
amplified no endogenous PAP18 transcript in wild type tobacco plants.
Comparison for Pi metabolism
The effect of overexpression of AtPAP18, as a heterologous protein in the crude protein extracts, was examined on total APase activities against pNPP, as an organic substrate. As a control, a transformed line (T-121) carrying β-glucuronidase (GUS) encoding gene was used in addition to wild-type plants in all experiments. Total APase activities were significantly higher in overexpressed lines than in the control plants for all cases, particularly in Pi-starved seedlings (Fig. 2a) .
As indicators for the rate of Pi metabolism, we also measured the levels of total P and free Pi contents in At-PAP18 overexpressed lines and control plants grown for 14 days in medium with 0.2 mM or 5 mM Pi. The levels of both indicators were low in Pi-limited control plants relative to Pi-fed seedlings (Fig. 2b,c) . However, total P and Pi contents increased in overexpressed plants grown in both Pi-limited and Pi-fed conditions. Quantitatively, the levels of free Pi and total P increased for over 150% and 50% in AtPAP18 overexpressed plants compared to the control plants, respectively, in both low and high Pi conditions.
Phenotyping of overexpressed lines
To elucidate the effect of overexpression of AtPAP18 on plant growth and biomass productions, we compared overexpressed lines with control plants by growing on MS medium or in soil. Detailed examinations showed obvious differences in the growth rates of roots and shoots of 35-days old overexpressed and control seedlings. As shown in Figure 3a ,b, the AtPAP18 overexpressed lines developed larger root systems than the control plants when grown on MS medium. Primary roots of the overexpressed lines were significantly longer than the control plants when grown on the 5 mM Pifed (+Pi) medium, but there was no apparent difference among them in Pi-starved (−Pi) condition. As well, the overexpressed lines produced higher number and longer lateral roots than the control ones, particularly in the starved plants.
Similarly, the overexpressed lines had better growth rates in pot culture on the whole (Fig. 3c) . In comparison with the control plants, the leaf area of At-PAP18 overexpressed lines was remarkably increased when grown in Pi sufficient, but there were no apparent difference in leaves numbers.
We also compared the fresh and dry weights of pooled roots and shoots of seedlings after 14 days of growth in −Pi or +Pi conditions (Fig. 4) . In general, the fresh weights of the shoots reduced significantly, while there were little changes in those of the roots of Pi-starved versus Pi-fed plants (Fig. 4a,c) . Interestingly, both roots and shoots fresh/dry weights of the overexpressed lines were higher than those of the control plants when grown on either −Pi or +Pi conditions. There were 32% and 45% increases in roots fresh weights and 92% and 35% in the shoots fresh weights of Pi-fed and Pi-starved overexpressed lines versus the control seedlings, respectively. As a result, the whole overexpressed seedlings had on average 72% and 41% higher fresh weights in Pi sufficient and deficient conditions, respectively, relative to the control ones. It is noteworthy that increases in the overexpressed root fresh weights were a consequence of enlargement of primary roots length and increases in lateral roots num- bers in +Pi condition as well as the second order lateral roots numbers, particularly in −Pi condition. In spite of 35% increase in the means of shoot fresh weights of the overexpressed lines versus the control seedlings in −Pi condition, the difference was non-significant. Similar results were observed for shoots and roots dry weights of the overexpressed lines compared to the control plants as well (Fig. 4b,d ). Significantly increased shoot biomass in Pi-starved transgenic plants was clearly evident (Fig. 4d) .
Subcellular localization of AtPAP18
Analysis by PSORT (Nakai & Horton 1999) and Target P (Emanuelsson et al. 2000) revealed that AtPAP18 protein is very likely to be a secreted enzyme. Therefore, to find about the actual location of the AtPAP18 protein in plant cells experimentally, its coding region was fused to GFP reporter gene and transiently expressed via biolistic bombardments of onion (Allium cepa) epidermal cells under the control of the CaMV-35S promoter. As shown in Figure 5 , the signals for AtPAP18::GFP fusion proteins were detected mainly in apoplast of the cells after 24 h and in both vacuole and apoplast after 72 h, while the native GFP protein spread throughout the cells.
Discussion
Despite the completion of Arabidopsis genome project and identification of several PAP-encoding genes (Li et al. 2002) , only a limited number of AtPAP-encoding genes have been characterized in details so far. At-PAP17 and AtPAP26 have both APase and alkaline peroxidase activity. Therefore, it is assumed that they are involved Pi scavenging and/or recycling as well as the metabolism of reactive oxygen species (del Pozo et al. 1999; Veljanovski et al. 2006) . In comparison, At-PAP12 secreted by Pi-deficient Arabidopsis suspension cells and seedlings was highly active against Pi-ester substrates over a broad range of pH, making it suited for scavenging Pi from the organic-Pi pool prevalent in many soils (Haran et al. 2000; Tran et al. 2008 Tran et al. , 2010 . AtPAP15 encodes a PAP protein with phytase activity, which modulates ascorbic acid levels by controlling the input of myoinositol into ascorbic acid biosynthesis in Arabidopsis (Zhang et al. 2008; Kuang et al. 2009 ). In addition, it has been shown that AtPAP10 is a root surface-bound APase and plays an important role in plant tolerance to Pi limitation .
In this study, a heterologous plant transformation system was used to determine the effects of overex-pressing AtPAP18 on plant P nutrition and biomass production. The regenerated transgenic tobacco plants exhibited significant increases in total APase activities as compared those for two independently overexpressed lines with control plants (Fig. 2a) . The increase in enzyme activity was parallel to the increase in total P and free Pi contents in the overexpressed lines versus the control plants (Fig. 2b,c) leading to higher growth (Fig. 3 ) and biomass accumulation (Fig. 4) . As reported by several researchers (Tran et al. 2010; Zhang et al. 2011; Li et al. 2012) , APases play an important role in remobilization, reallocation and utilization of Pi. A negative correlation between the level of Pi in medium and APase activity has been reported in many plants (e.g., del Pozo et al. 1999; Haran et al. 2000; Liu et al. 2005; Veljanovski et al. 2006; Morcuende et al. 2007; Muller et al. 2007 ). It has also been shown that overexpressions of secreted PAPs with phytase activity improve plant biomass and Pi accumulation (Xiao et al. 2006; Ma et al. 2009; Wang et al. 2009 Wang et al. , 2011 .
This report indicated the increasing Pi acquisition efficiency and improving biomass production by overexpression of a PAP without phytase activity as no differences was observed when the transgenic tobacco plants were grown on medium supplemented with sodium phytate (data not shown). This study also indicated the overexpression of the AtPAP18 gene seem to raise beneficial effects on plant growth and development. Increased Pi content and biomass production could be taken as indicators for the advantage of overexpression of AtPAP18 as a secreted APase. Similar results were reported for AtPAP26 in tobacco (Sabet, Zamani, Lohrasebi, Malboobi & Valizade, unpublished data) and AtPAP10 overexpression in Arabidopsis in which increased fresh weights were evident, particularly in Pi deficient medium.
A major developmental response of plants to Pi limitation is changing root architecture, which includes the inhibition of primary root growth and the formation of more and longer lateral roots (Chevalier et al. 2003) . These morphological changes together with the enhanced production of root hairs are thought to increase the surface area for Pi absorption. Although these criteria were observed in all examined plants including the control ones, however, they were prevalent in the AtPAP18 overexpressed lines (Fig. 4c) . It could thus be concluded that AtPAP18 indirectly participates in the control of root architecture changes.
In the present study, transformation of onion cell with AtPAP18::GFP constructs showed that the fusion proteins were localized at the apoplast after 24 h, indicating the N-terminal signal peptide of AtPAP18 could be used for the secretion of APases or other relevant gene products in transgenic studies for improving plant organic-P utilization in future. Similar results were observed when AtPAP18::GUS fusion construct was expressed in Arabidopsis seedling (Zamani & Malboobi, unpublished data) . Besides, AtPAP18 was found to be a dual-targeted enzyme as the GFP signal detected in vacuole after 72 h as well (Fig. 5) . Similarly, AtPAP26 was found dual-targeted because of differential glycosylations (Veljanovski et al. 2006) . Transcript profiling of the Arabidopsis PAP family showed that the expression of AtPAP18 at basal level in all tissues treated with none or sufficient Pi (Zhu et al. 2005; Lohrasebi et al. 2007 ). These results indicate that the AtPAP18 gene is one of the contributor to intracellular and extracellular APase activity and, consequently, to the Pi metabolism in Arabidopsis and might be regulated posttranslationally. The relationships of AtPAP18 localization and glycosylation with Pi status in the medium remained to be determined.
Assuming overexpression of secreted AtPAP18 in the soil allows effective scavenging of Pi from its compound in the soil; still, it is needed to describe why there have been higher intracellular total P and Pi contents when transgenic plants were grown on medium even with limited concentrations of elements. It is possible that AtPAP18 could help efficient Pi remobilization and redistribution. Its availability for essential biochemical reactions is optimized, which leads to higher biomass accumulation, too. However, it should be kept in mind that several APase-encoding genes in plant genomes work together to maintain Pi within a certain limit. Overexpression of one PAP may lead to rearranged regulation of the others (Lohrasebi & Malboobi, unpublished data) . Therefore, it would be more clever to assume that overexpression of AtPAP18 in tobacco has orchestrated a different pattern of expressions and activities of other APase-encoding genes leading to increased free Pi level, altered root architecture and high growth rate.
In conclusion, the presented outcomes clearly demonstrated that overexpression of a plant APaseencoding gene is an effective approach to improve Pi acquisition and, thus, offers prospects for improving biomass accumulation and productivity in soils with limited free Pi. Considering environmental concerns about high Pi pollution of surface or underground water, this approach could be very advantageous in reducing Pi fertilizer consumptions and removing excessive Pi compounds from areas where Pi fertilizers are overused or too much poultry litters are dumped.
